I. INTRODUCTION
III-V semiconductor nanowires (III-V NWs) have attracted considerable interest in the last decade due to both scientific and technological importance. [1] [2] [3] This stems in part from their one-dimensional structural characteristic which allows to engineer the electronic band structure and overcomes the lattice mismatch between NWs and Si substrate for the compatibility with Si technology. 4, 5 Many applications of III-V NWs to nanoscale devices have been demonstrated, such as field-effect transistors, 6 light emitting diodes, 7 single-photon sources, 8 sensors, photodetectors, 9 and solar cells. 10 Among III-V NWs, InP NWs are one of most studied targets due to their successful realization of both n-and p-type doping, 11 which makes them a promising candidate material for nextgeneration electronic and optoelectronic devices.
The application of InP NWs in nano-devices first requires the knowledge and understanding of their fundamental structural and electronic properties. Compared to the bulk phase of InP, its one-dimensional nanostructures exhibit many different structural and electronic properties. First, InP nanowires have one-dimensional structural characteristic which results in an increasing band gap with the decrease of NW size due to the quantum confinement effect. 12 Second, the zinc-blende (ZB) phase is the most stable crystal structure of InP bulk, but the crystal structure of InP nanowires grown via vapor-liquid-solid (VLS) mechanism is generally dominated by the wurtzite (WZ) phase or the rotational twin structure with both ZB and WZ segments. [13] [14] [15] Similar results have been also observed in other III-V NWs, such as GaAs, InAs, and GaP. [16] [17] [18] The structural transition from ZB to WZ phase is accompanied by changes in the electronic structure of NWs. For instance, Pemasiri et al. 19 reported a type-II band alignment of InP NWs containing both WZ and ZB crystalline phases. The conduction band of ZB phase was found to be 129 meV lower than that of WZ phase. 20 Third, the synthesized III-V NWs were found to be featured with different side-facets. For the ZB-phase III-V NWs, several different micro-facets have been identified by adjusting the growth conditions, including of f 1 11gA, f11 1gB, f1 10g, f112gA, and f112gB facets. 17, 21 While f11 20g and f1 100g facets have been observed in the WZ-phase III-V NWs. [13] [14] [15] [16] [17] [18] Owing to large surface-to-volume ratio of NWs, surface effect is an important factor for determining the electronic and optical properties of NWs. The diversity of NW crystal facets provides a way to manipulate electronic structures of InP NWs during the growth.
In theoretical side, extensive studies have been carried out to gain an in-depth understanding of the relationship between electronic properties of InP NWs and their size, surface, and crystal phase. For example, dos Santos and Piquini 22 reported the size dependence of structural and electronic properties of ZB-structured InP NWs by using the first-principle calculations, and their results have shown an inverse relationship between the calculated band gap and NW diameter due to the quantum confinement effect. On the basis of ab initio calculations, Akiyama et al. 23 predicted a crystal-phase transition of InP NWs from the ZB to the WZ phase with decreasing NW diameter. They considered that the ZB-to-WZ phase transition originates from the effect of surface dangling bonds on the NW facets. Li et al. 24 reported electronic properties of ZB, WZ, and rotationally twinned InP NWs by the first-principles calculation within the density-functional theory (DFT), and they found that the variation in band gap energy is strongly associated with the crystal phase of InP NWs. Moreira et al. 25 have studied theoretically surface passivation effect on electronic and structural properties of ZB-structured InP NWs. These theoretical studies provided valuable information to insight into the structural and electronic properties of InP NWs, but most of their results were achieved on the basis of almost similar NW models in which ZB-phase NWs have {110} facets and WZ-phase NWs have f1 100g facets. The InP NWs with different side-facets have not been considered in their studies. Considering the diversity of crystal facets in the synthesized NWs, [13] [14] [15] [16] [17] [18] [19] [20] [21] it is necessary to understand the relationship between NW facets and their structural and electronic properties, which is useful for the applications of InP NWs in electronic and optoelectronic devices.
In this work, we perform a comprehensive theoretical study to investigate the crystal-facet effect on the structural and electronic properties of wurtzite InP NWs by considering different NW side-facets. The relationship between the geometry, stability, and electronic structures of the InP NWs and their side-facets are established. Our calculations demonstrate that crystal facets play an important role in determining the structural stability and electronic band structure of wurtzite InP NWs.
II. COMPUTATIONAL DETAILS
The wurtzite InP NWs are created on the basis of the hexagonal WZ crystal structure with a and c bulk lattice constants computed to be 4.22 Å and 6.90 Å , respectively. In order to investigate the crystal-facet effect on the properties of InP NWs, three types of NW sidewalls have been considered (see Fig. 1 ), including of the NW sidewalls with (i) six f1 100g facets (labelled by f1 100g, Fig. 1(a) ), (ii) six f1 100g facets (labelled by f11 20g, Fig. 1(b) ), and (iii) six f1 100g and six f11 20g facets (labelled by f1 100g À f11 20g, Fig. 1(c) ), respectively. For the three types of NWs, (i) and (ii) have a hexagonal cross section and (iii) has the dodecagonal cross section. The diameter of NWs considered here is up to $3 nm. To minimize spurious interactions of neighboring NWs, the NW supercells are separated by $10 Å vacuum regions along the directions normal to the NW axis. The Monkhorst-Pack grid of k-point of 1 Â 1 Â 8 is used to sample the Brillouin zone of NW supercells. In the band structure calculations, a total of 15 k-points are included along the K vector direction from C (0, 0, 0) to Z (0, 0, 0.5).
The wurtzite InPð1 100Þ and InPð11 20Þ surfaces are modeled by using the slab geometry with ten InP layers. The surfaces with in-plane periodicity are separated by $10 Å vacuum layers to prohibit spurious interactions of neighboring surface slabs. The bottom surface is terminated by artificial hydrogen atoms 26 with fractional charges of 1.25 e and 0.75 e for In and P atoms, respectively. During the geometry optimizations, all atoms except for three bottommost InP layers and pseudohydrogen atoms have been relaxed. The kpoint meshes are set 6 Â 8 Â 1 and 6 Â 6 Â 1 for InPð1 100Þ and InPð11 20Þ surfaces, respectively. To determine the thermodynamic stability of wurtzite InP surfaces, the surface energy (c s ) of their cleaved surfaces requires to be calculated firstly by the following formula: cleaved surface. Taking the cleaved surface as a reference, the surface energies of various potential surface configurations can be obtained by
where DE T is the total-energy difference between a given structure and the cleaved surface. l InP is the chemical potential of bulk InP and l P is the chemical potentials of P atom. The allowed value of l P is in the range of l P(bulk) -DH f l P l P(bulk) . The upper (lower) limit of l P corresponds to the P-rich (In-rich) condition and DH f is the heat of formation of wurtzite bulk. The calculated DH f of WZ InP bulk is 0.48 eV. Dn P (Dn In ) is the difference between the number of P (In) atoms in the given structure and the cleavage surface. All calculations are performed by using the Vienna ab initio Simulation Package (VASP). 27, 28 The interaction between valence electrons and the ionic cores is treated by the projector augmented wave method (PAW). 29 The exchange-correlation energy is calculated within the generalized gradient approximation (GGA) using the PBE functional. 30 The energy cutoff for the plane-wave expansion is set to 400 eV. For the geometry optimization, the convergence criterion in energy and force is set to 10 À3 eV and 0.01 eV/Å , respectively.
III. RESULTS AND DISCUSSION
The structural stability and electronic structures of InPð1 100Þ and InPð11 20Þ surfaces have been first examined in order to provide a reference for the study of wurtzite InP NWs. Figure 2(a) shows three possible surface configurations of (1 Â 1) InPð1 100Þ, including of P-covered surface (P 2 ), cleavage surface (In-P), and In-covered surface (In 2 ). The absolute surface energies of InPð1 100Þ with three different configurations as a function of Dl P (Dl P ¼ l P À l P(bulk) ) are shown in Fig. 2(b) . It is found that the cleavage surface is the most stable surface structure in all allowed range of P chemical potential and its surface energy is at least 20 meV/Å 2 lower than other surface configurations. For the P 2 and In 2 surfaces, they are energetically unfavorable. The stabilization mechanism of InPð1 100Þ can be explained by the electron counting rule (ECR). 31, 32 The cleavage surface with the paired In-P dimer satisfies ECR in which all P dangling orbitals are filled and all In dangling orbitals are empty, thus it has a high stability. In contrast, the P 2 and In 2 surfaces do not satisfy ECR. Figure 3 shows surface configurations and phase diagram for the stability of InPð11 20Þ. Here, we consider five different surface configurations, including of P 4 , InP 3 , cleavage surface (In 2 P 2 ), In 3 P, and In 4 (see Fig. 3(a) ). InP 3 (In 3 P) is the cleavage surface with one In (P) atom replaced by a P (In) atom, P 4 and In 4 are the P-and In-covered surfaces, respectively. Similar to the case of InPð1 100Þ, the cleavage surface is the most stable surface configuration on InPð11 20Þ surface in all allowed range of P chemical potential, as shown in Fig. 3(b) . band maximum (VBM) at the C point. The calculated band gaps of InPð1 100Þ and InPð11 20Þ clean surfaces are 0.78 eV and 0.92 eV, respectively. Although the well-known fact that DFT/GGA underestimates the band gap of semiconductors, the trends elucidated by the DFT results are proved to be still valid, as indicated in numerous theoretical studies 24, 34, 35 on the band gaps of III-V semiconductors. The band-gap difference of two wurtzite InP surfaces can be understood by the charge-density distribution of VBM and CBM. As shown in the insets of Fig. 4 , the CBM of both InPð1 100Þ and InPð11 20Þ mainly originate from the s states of In and P atoms, but their VBM shows different distribution. The VBM of InPð1 100Þ mainly derives from the 3p states of P atoms in the surface layers (see Fig. 4(a) ), while the VBM of InPð11 20Þ is mainly from the 3p states of P atoms in the bulk layers (see Fig. 4(b) ). The result implies that surface states of InPð11 20Þ have been completely saturated by mutual charge compensation of In-P dimers on the surface, which results in the relatively larger band gap of InPð11 20Þ than that of InPð1 100Þ. Such a result suggests that the band gap of wurtzite InP NWs may be affected by NW sidefacets.
We now turn to investigate the structural stability and electronic properties of wurtzite InP NWs. The structural stability of InP NWs is determined by calculating their formation energies (E f ) as follows:
where E tot is the total energy of wurtzite InP NWs, E InP is the energy of In-P pair in wurtzite-phase bulk, and n is the number of In-P pair in InP nanowires. Fig. 5(a) shows the formation energies of WZ-phase InP NWs with three different sidewalls as a function of NW atomic number (N). It is found that formation energies of all InP NWs decrease with increasing atomic number. The result implies that InP NWs have a high stability in the larger NW size (or NW atomic number). It can be easily understood as follows: With the reduction of NW size, the surface atom ratio (SAR, defined as the ratio of the numbers of surface and total atoms) of NWs will increase. Because the sp 3 hybridization of In and P atoms in the NWs is more than the sp 2 one, the sp 2 hybridized surface atoms will be mainly responsible for the formation energies of InP NWs. Therefore, the larger InP NWs with the relatively small SAR are energetically favorable. The comparison of E f of InP NWs with a same N value (or NW diameter) indicates E fÀf11 20g > E fÀf1 100gÀf11 20g > E fÀf1 100g , as shown in Fig. 5(a) . In other words, for a same NW diameter, the f1 100g faceted NW is the most stable and the f11 20g faceted NW is the weakest. To provide a quantitative relationship between the structural stability of InP NWs and their SAR, the formation energies of these NWs as a function of SAR is plotted in Fig. 5(b) . It can be found that E f of all InP NWs presents a linear change with the SAR of NWs (v). By fitting the data of E f , the relation between E f of InP NWs and their SAR can be described by the expression, E f (v) ¼ 0.82v. Owing to the relatively smaller SAR, InP NWs with f1 100g facets thus have the highest stability. The result is in good agreement with broad experimental observations where the sidewall of wurtzite InP NWs prefers to be surrounded by f1 100g facets. Figure 6 shows electronic band structures of $3-nm InP NWs with three types of side facets. All types of NWs indicate a direct band-gap characteristic with both VBM and CBM located at the C point. Similar result has also been found in other sized NWs. In our previous studies, 32 the chemical composition of NW crystal facets is found to be an important factor for the transition from a direct to indirect band gap in wurtzite GaAs NWs. Nevertheless, all considered crystal facets of WZ-phase InP NWs prefer to the formation of cleavage clean surfaces with the paired In-P dimers. Thus, varying the NW crystal-facets does not change the band-structure characteristic. Owing to the fact that the band gap of semiconductor NWs depends on their size, we extracts the band gap variation DE g , which is defined as the band-gap difference between InP NWs and bulk, as a function of NW diameter plotted in Fig. 7(a) . The DE g of all types of NWs decreases with increasing NW diameter due to quantum confinement effect. However, the variation amplitude of band gap with the NW diameter is different for three types of InP NWs. The data points of DE g can be fitted by
where d is the diameter of InP NWs and A is a scale factor that corresponds to the variation of band gap for a 1-nm nanowire relative to the bulk value. The fitting parameters A and n are 0.77 and 0.40 for the f11 20g faceted NWs and 1.25 and 0.85 for the f1 100g faceted NWs, respectively. A large n value means that the band gap of InP NWs changes rapidly with NW diameter. As shown in Fig. 7(a) , the band-gap variation of f1 100g faceted InP NWs with the NW diameter is faster than that of f11 20g faceted InP NWs. The crystal-facet dependence of band gap suggests that the band gap of wurtzite InP NWs can be adjusted by controlling their side facets.
For an arbitrary sized wurtzite InP NW, its band gap can be described by
where E g-bulk is the band gap of WZ-phase InP bulk. Owing to the underestimation of DFT/GGA calculation for the band gap of semiconductors, we use the experimental band gap (1.435 eV) 19 of bulk InP into Eq. (4). According to this equation, the band gap of f1 100g faceted and f11 20g faceted InP NWs as a function of NW diameter is plotted in Fig. 7(b) . In the small size range of InP NWs (d < 3 nm), the band gap of f1 100g faceted InP NWs is larger than that of f11 20g faceted InP NWs. When the NW diameter is beyond $3 nm, the f11 20g faceted InP NWs have the larger band gap. From previous experimental studies, the diameter of grown wurtzite InP NWs is generally larger than 80 nm and the reported band gaps of NWs are located around 1.49 eV $ 1.51 eV 14, 36, 37 which are slightly larger than theoretical values of the f1 100g faceted InP NWs and lower than that of the f11 20g faceted InP NWs (see Fig. 7(b) ). The result originates from two possible reasons: (i) the sidewall of grown wurtzite InP NWs is not completely composed by the f1 100g facets and includes part of f11 20g facets, which results in the band gap of InP NWs located between the f1 100g faceted NWs and the f11 20g faceted NWs. (ii) Many experimental techniques, such as metalorganic vapor phase epitaxy (MOVPE), [13] [14] [15] [16] [17] [18] use the hydride source to grow InP NWs. Thus, the grown InP NWs are easily passivated by hydrogen, which causes an increase of NW band gap.
In order to further understand the band gap difference of InP NWs induced by the crystal-facet effect, the chargedensity distribution of band-edge states of InP NWs has been investigated. Figure 8 shows the spatial distribution of charge density for the VBM and CBM of $3-nm InP NWs with three different side-facets. It is found that the CBM of all NWs shows very similar charge-density distribution which mainly originate from the contributions of In-5s and P-3s states. In contrast, the VBM of three InP NWs indicates different charge-density distributions. The VBM of f1 100g faceted NW mainly arises from the 3p states of outer P atoms (see Fig. 8(a) ) and that of f11 20g faceted NW is mainly from the contribution of 3p states of inner P atoms (see Fig.  8(b) ). In other words, the VBM of f1 100g and f11 20g faceted NWs is mainly from the contribution of surface states and bulk states, respectively. The result leads to the relative higher VBM energy of f1 100g faceted NW than that of f11 20g faceted NW. For the f1 100g À f11 20g faceted NW, the VBM from the contribution of surface states increases (see Fig. 8(c) ) when is compared to the VBM of f11 20g faceted NW due to increasing proportion of f1 100g facets in the NW. Therefore, the band gap of uniform-sized InP NWs with different side-facets follows the relation E gÀf11 20g > E gÀf1 100gÀf11 20g > E gÀf1 100g , when the NW diameter is larger than 3 nm. For the smaller sized InP NWs (d < 3 nm), their VBM and CBM are dominated by electronic states of surface and corner atoms. 23 However, the surface atom density of f11 20g faceted NWs is different from that of f1 100g faceted NWs. The calculated surface atom density is $7.8 atom/nm 2 for the f11 20g faceted NWs and $6.8 atom/nm 2 for the f1 100g faceted NWs. The large surface atom density means that the contribution of surface states for NW VBM and CBM is high. Therefore, the band gap of f11 20g faceted NWs is smaller than that of f1 100g faceted NWs in the smaller sized NWs (see Fig. 7(b) ). Based on above analysis, an appropriate band gap of InP NWs can be obtained by controlling NW size and side-facets, which is crucial for the fabrication of nanowire devices.
IV. CONCLUSIONS
In summary, we performed a systematic theoretical investigation of crystal facet effect on the structural stability and electronic band structures of wurtzite InP NWs with different side-facets. Surface-energies calculation indicates that low-index non-polar side-facets of InP NWs prefer to form unreconstructed cleavage surfaces with paired In-P dimers. The calculated formation energies suggest that the structural stability of InP NWs depends on not only their size but also the side-facets. Among InP NWs with different side-facets, the f1 100g faceted NWs indicate the highest stability due to the relative low surface atom ratio, which agrees well with experimental observations where the grown wurtzite InP NWs prefer to be surrounded by f1 100g facets. The size dependence of NW band gap indicates (i) the band gap of wurtzite InP NWs increases with decreasing NW size due to quantum confinement effect and (ii) the band gap of uniform-sized InP NWs with different side-facets follows the trend, E gÀf11 20g > E gÀf1 100gÀf11 20g > E gÀf1 100g , when NW diameter is larger than 3 nm and a reverse trend is found in the smaller sized NWs (d < 3 nm). Our results suggest that the band gap of wurtzite InP NWs can be tuned by controlling NW size and side-facets. 
